Background-Systemic lupus erythematosus (SLE) patients have a significantly increased risk of coronary heart disease (CHD) that is not fully explained by classic risk factors. Endothelial dysfunction is an early stage in the process of atherogenesis. Our aim was to determine whether endothelial dysfunction occurs in SLE and whether it is associated with the occurrence of classic Framingham risk factors. Methods and Results-We studied 62 women with SLE (1997 revised criteria) and 38 healthy women. Demographic and risk factor data were collected. In patients, disease activity and treatment-related parameters were also assessed. Endothelial function was assessed by flow-mediated dilation (FMD) in the brachial artery in response to reactive hyperemia. Carotid intima-media thickness (IMT) and the presence of carotid plaques were also assessed in SLE patients. FMD was impaired in SLE patients (median, 3.6%; range, Ϫ6.3% to 13.7%; versus median, 6.9%; range, Ϫ6.6% to 17.8%, PϽ0.01). Using multiple regression analysis that included all subjects in which we retained all the classic CHD risk factors, we found that systolic blood pressure (Pϭ0.019) and SLE (Pϭ0.017) were significantly associated with impaired FMD. Within SLE patients, IMT showed a negative correlation with percent FMD (rϭϪ0.37, PϽ0.01). In stepwise multiple regression of SLE patients only that also included SLE factors and IMT, IMT alone was independently associated with FMD (Pϭ0.037). 
S ystemic lupus erythematosus (SLE) is associated with an increased risk of coronary heart disease (CHD). The rate ratio for myocardial infarction in women with SLE 35 to 44 years of age was found to be 52 times that of a comparative population. 1 In several large clinical series, the cumulative prevalence of CHD-related events was 6% to 10%, and the annual incidence rate of CHD in SLE populations was Ϸ1.3% to 1.5%. 2 In addition, several studies of subclinical atherosclerosis have identified that 30% to 40% of women with SLE have carotid plaques or myocardial perfusion abnormalities. 3, 4 Framingham risk factors do contribute to CHD risk, but even after adjustment for these factors, the risk remains increased by 8-to 10-fold. 5 Endothelial dysfunction represents a widespread phenomenon, and in the context of CHD, abnormalities of the brachial and femoral arteries have been noted. Endothelial dysfunction is also present in patients with CHD risk factors such as smoking, diabetes mellitus, and hypercholesterolemia. 6 SLE is a complex disease, and in addition to atherosclerosis, it is characterized by several vascular processes, namely inflammation, Raynaud's phenomenon, and a propensity to vascular thrombosis associated with anti-phospholipid antibodies. Lima et al 7 have found that patients with SLE have evidence of endothelial dysfunction, but patients with significant CHD risk factors were excluded from this study and the presence of atheroma was not assessed. Recently, endothelial dysfunction has also been found in patients with systemic vasculitis and has been reversed by administration of immunosuppressive therapy. 8 Because endothelial dysfunction may represent an early stage in atherogenesis, it is important to understand the mechanisms of its development in a condition such as SLE. It is also important to determine whether it is associated with other CHD risk factors or early atheroma. Therefore, our aims were to determine whether endothelial dysfunction occurred in women with SLE, whether it was explained by the presence of classic CHD risk factors, and whether any of the vascular processes associated with SLE influence endothelial dysfunction.
Methods

Subjects
Patients were recruited from the Lupus Clinic at the University of Manchester Rheumatism Research Centre. Patients fulfilled at least 4 classification criteria (1997 revised criteria 9 ) for SLE or had 3 criteria with no other alternative diagnosis. Healthy control subjects were recruited from the secretarial and support staff at the University of Manchester Rheumatism Research Centre and School of Medicine, as well as from friends of patients. Subjects were excluded if they had had infection within the past 4 weeks or had been pregnant or lactating in the previous 6 months. All subjects gave written informed consent to take part in this study, which was approved by the Central Manchester Local Research Ethics Committee.
Clinical and Laboratory Assessment
All subjects had a complete history and physical examination. Classic CHD risk factors were recorded. In patients, disease activity and cumulative damage were assessed by the SLE Disease Activity Index (SLEDAI) 10 and the Systemic Lupus International Collaborating Clinics/American College of Rheumatology Damage Index (SDI), 11 respectively. In addition, any history of Raynaud's phenomenon or previous thrombosis was sought and recorded. Blood was drawn for measurement of plasma glucose and lipid profile. Antibodies to ds-DNA and cardiolipin were measured with commercially available ELISA kits. The lupus anticoagulant was measured with the dilute Russell Viper Venom Test; C3 and C4 complement levels were also measured.
Measurement of Lipids and Lipoproteins
An ultracentrifugation method was used to remove VLDL cholesterol from the plasma. 12 HDL cholesterol was determined after precipitation of LDL from the resulting supernatant by heparin/Mn 2ϩ sulfate. 12 Total serum cholesterol, HDL cholesterol, and infranatant cholesterol were determined by the CHOD-PAP method (ABX Diagnostics). LDL cholesterol was calculated as the difference between infranatant cholesterol and HDL cholesterol. Serum triglycerides were determined by the GPO-PAP method (ABX Diagnostics).
Assessment of Endothelial Function
Endothelial function was assessed with high-resolution B-mode Doppler (ATL HDI 5000 with a 7.4-MHz linear-array transducer) examination of the brachial artery using the protocol described by Celermajer et al. 13 We measured flow-mediated dilation (FMD) in response to reactive hyperemia (endothelium dependent), and endothelium-independent dilation was measured in response to glyceryl trinitrate (GTN). All subjects were studied between 8 and 11 AM after a12-hour overnight fast. They were asked not to smoke on the morning of study and to avoid alcohol for 48 hours. Antihypertensive medications were also omitted for 24 hours before the study. The brachial artery was scanned longitudinally 5 to 15 cm above the antecubital fossa. The scans were recorded on a super VHS videotape for later measurement of resting diameter and blood velocity. A blood pressure cuff was then inflated around the forearm to 300 mm Hg for 4.5 minutes. A further scan recorded from 30 seconds before to 1 minute after cuff release. Measurement of the maximal diameter was taken 45 to 60 seconds after cuff release. After 15 minutes, further measurement was taken at rest and at 3 minutes after sublingual spray of 400 g GTN. All measurements were taken at the end of diastole coincident with the R-wave on an ECG monitor. Distance measured was from anterior to posterior M lines (media-adventitia interface), and every measurement was taken as an average of 5 consecutive cardiac cycles. The vascular technologist performing the scans was given only the subject's name; no diagnostic information was available. The scans were read in batches every 3 to 4 weeks, and again the technologist was unaware of the diagnostic classification of each subject at the time that the scans were read.
FMD is calculated as follows: 100%ϫ[(postdeflation diameterϪresting diameter)/resting diameter]. To assess reproducibility of our technique, we looked at the reliability of reading scans on 2 separate occasions by a single blinded observer. For this, 15 scans from patients or control subjects were chosen at random. The intraclass correlation coefficients for resting diameter and FMD were 0.93 (95% CI, 0.56 to 0.95) and 0.82 (95% CI, 0.30 to 0.97), respectively.
Carotid Artery Intima-Media Thickness and Plaque
Patients but not control subjects also had the intima-media thickness (IMT) of their carotid artery measured. The common carotid artery was scanned longitudinally, and the IMT measurement was taken in the proximal part of the common carotid artery, 1 cm proximal to the carotid bulb as the maximum distance between the intima-lumen and adventitia-media interfaces in areas without carotid plaque. 14 IMT was determined as the average of 6 measurements, 3 each from the left and right common carotid arteries. We also noted the presence or absence of carotid plaques, with plaque being defined using the criteria described by Li et al. 15 The intraclass correlation coefficient for IMT measurements, assessed in 15 subjects on 2 separate occasions 2 weeks apart, was 0.92 (95% CI, 0.84 to 1.00).
Statistical Analysis
We used version 10 
Results
Endothelial Function in SLE and Healthy Control Subjects
We studied 62 SLE patients and 38 healthy control subjects. In the patient group, age and disease duration were 48 years (range, 21 to 73 years) and 11 years (range, 1 to 23 years), respectively. Fifty-five patients (88%) were white. The SLE-DAI and SDI scores were 2 (range, 0 to 12) and 0 (range, 0 to 4), respectively. Nine patients (14.5%) had an SLEDAI Ն6 at the time of study. Twenty-six patients (42%) had Ն1 item of damage on the SDI. With regard to clinical features, 10 patients (16%) had a history of renal involvement, and 34 (56%) had a history of Raynaud's phenomenon. On autoantibody profiles, 29 patients (46.8%) currently had antibodies to native ds-DNA, and 23 (37.7%) had anti-cardiolipin antibodies (IgG or IgM anticardiolipin and/or lupus anticoagulant) on the day of study. Eight patients (13%) had a previous stroke or transient ischemic attack, and 2 patients (3%) had a previous myocardial infarction. Current therapy included steroids in 31 (50%), antimalarial drugs in 31 (50%), and immunosuppressants in 17 (27%), of whom 13 (21%) were on azathioprine and 4 (6%) were taking methotrexate. In addition, 11 patients were on aspirin, 9 were on nonsteroidal anti-inflammatory drugs (8 on conventional, 1 on COX-2-specific inhibitor), and 3 were on both aspirin and a nonsteroidal anti-inflammatory drug. One patient was on a statin, 10 patients were on hormone replacement therapy, and 3 were on contraceptive pills at the time of study.
As can be seen in Table 1 , the SLE group tended to be older and had a higher proportion of postmenopausal women (47% versus 29%; Pϭ0.09). Patients were more likely to be hypertensive (PϽ0.01); they also had lower HDL cholesterol and higher triglycerides than control subjects. The 10-year risk of CHD was also higher in patients (PϽ0.01). There was no difference in resting diameter between the groups (Table  2) . Patients had significantly reduced FMD compared with control subjects (3.6%; range, Ϫ6.2% to 13.7%; versus 6.9%; range, Ϫ6.6% to 17.8%; PϽ0.01; Figure 1) . A higher proportion of patients had an FMD Յ4.5% (54.8% versus 26.3%; Pϭ0.04). GTN responses did not differ between groups. A subanalysis of white premenopausal patients (nϭ20) and age-matched controls (nϭ25) found similar differences in FMD (4.1%; range, 0% to 13.7%; versus 9.1; range, Ϫ3.1% to 17.8%; PϽ0.01).
Preliminary analysis showed that the strength of association between individual demographic and classic risk factors with FMD was similar in patients and control subjects; therefore, we included all 62 patients and 38 control subjects in a single group for linear regression analysis. In univariate analysis, factors associated with reduced FMD were resting diameter [unstandardized regression coefficient (B)ϭϪ0.083, Pϭ0.002], systolic blood pressure (SBP; BϭϪ22.9; Pϭ0.027), and SLE (BϭϪ3.35; Pϭ0.001). In a multivariate model in which Table 3) . After adjustment for other factors, SLE was associated with a 2.7% lower FMD compared with control subjects, and each increase of 10 mm Hg in SBP was associated with a 1.0% reduction in FMD. A stepwise multiple regression model confirmed these associations.
Endothelial Function in SLE Patients
For regression analysis of only SLE patients, we included demographic details and classic CHD risk factors. We also looked at specific factors associated with the different vascular manifestations of SLE. These included Raynaud's phenomenon, anti-phospholipid antibodies, disease activity (SLEDAI), and early atherosclerosis (carotid IMT). We also included corticosteroid treatment and serum creatinine as additional variables. Neither Raynaud's or anticardiolipin/lupus anticoagulant status was associated with endothelial dysfunction (Figures 2 and 3) . Similarly, there was no difference in FMD or percent GTN dilation between patients taking and not taking steroid therapy. The SLEDAI correlated positively with FMD (rϭ0.37, PϽ0.01) and negatively with resting diameter (rϭϪ0.33, Pϭ0.01). FMD also correlated negatively with IMT (rϭϪ0.37, PϽ0.01) (Figure 4) . In stepwise multiple regression analysis, we examined those variables that showed a degree of association in the univariate analysis (PϽ0.2). IMT only was independently associated with FMD (Pϭ0.026) ( Table 4 ). The association of SLEDAI with FMD was no longer significant in this model. After adjustment for other factors, each 0.01-cm increase in IMT is associated with a 0.92% decrease in FMD. Twelve SLE patients (19%) also had carotid plaque. These patients had higher resting diameter (0.36 cm; range, 0.28 to 0.43 cm; versus 0.31 cm; range, 0.24 to 0.39 cm; Pϭ0.014) and a trend toward lower FMD (2.7%; range, Ϫ6.3% to 7.1%; versus 4.7%; range, Ϫ3.3% to 13.7%; Pϭ0.1).
Discussion
Endothelial dysfunction is believed to represent a widespread phenomenon that occurs at an early stage in the atherogenic process. There is a correlation between endothelial function measured in the brachial and coronary circulations. 16 We have found evidence of endothelial dysfunction in SLE patients that is not fully explained by classic CHD risk factors. Also, within SLE patients, endothelial dysfunction is associated with carotid IMT, an early marker of atherosclerosis. Two other studies have reported similar findings. In a study from Sao Paulo, Lima et al 7 noted that the meanϮSD FMD in SLE was 5.0Ϯ5.0% compared with 12.0Ϯ6.0% in healthy control subjects. In this study, postmenopausal women and subjects with known CHD risk factors were excluded. Piper et al 17 found in a UK cohort that SLE women had a median FMD of 5.6 (interquartile range [IQR], 3.1% to 7.2%) compared with 8.0% (IQR, 6.3% to 9.3%) in control subjects. The differences in subject selection and interlaboratory variations in technique will clearly influence the absolute values between studies. The median percent FMD in our control subjects appears low. Potential reasons for this include the wide age range of control subjects studied and the lack of exclusions based on prevalent CHD risk factors. In a subgroup of premenopausal control subjects, the median percent FMD was 9.1% (IQR, Ϫ3.1% to 17.8%), which accords with other studies. 7, 17 Nevertheless, endothelial function is significantly impaired in SLE. The role of classic CHD factors in this process is less clear from these studies. Piper et al 17 found a significant negative correlation between total cholesterol and FMD (rϭϪ0.442). In contrast, Lima et al 7 found no association with cholesterol or blood pressure, although it should be noted that this study excluded patients with established hypertension or hyperlipidemia. We chose not to exclude patients with known risk factors to examine the full range of association with FMD in SLE. A recent large cohort control study found that SLE patients have differences in several key cardiovascular risk factors. Specifically, SLE patients are more likely to have hypertension and to be postmenopausal at a particular age; they also have more risk factors per patient. 18 In our population, patients also had lower HDL cholesterol. To adjust for these differences, we performed a multivariate analysis on all patients and control subjects. Of the classic risk factors, SBP was most strongly associated with reduced FMD. Each 10 -mm Hg increase in SBP was associated with a 0.89% reduction in FMD. Importantly, however, even after adjustment for classic risk factors, SLE remains independently associated with endothelial dysfunction. This finding is important because SLE is associated with an increased risk of CHD compared with the general population. It also accords with the clinical observation by Esdaile et al 5 that even after adjustment for Framingham risk factors, SLE patients still have increased CHD risk. It may also suggest that interventions that improve endothelial function in the context of SLE will have the potential to improve long-term CHD outcomes.
Multivariate analysis of SLE patients showed that FMD was associated with carotid IMT. Twelve patients had carotid plaque, and in this group, there was also a trend toward lower FMD. We did not measure IMT in our control subjects, but this finding in SLE confirms that, as in the general population, endothelial dysfunction in SLE correlates with other markers of atherosclerosis development. Piper et al 17 found an association of FMD with total cholesterol. We could not confirm this finding, but IMT as an early marker of atherosclerosis will represent the final common pathway of several other risk factors and will make it difficult for any single risk factor to remain in a multivariate analysis. Endothelial function may act in a similar fashion as an integrated index of all atherogenic and atheroprotective factors present in an individual. 19 Interventions that modify atherosclerosis risk factors may therefore be of benefit in SLE.
In univariate analysis, we noted a positive association between disease activity and FMD. It should be noted that SLEDAI was associated with a reduced resting diameter, which itself predicts increased FMD; after adjustment for resting diameter, the effect of SLEDAI was lost. Inflammation itself may be associated with endothelial dysfunction. 
